At low energies, the quantum wave-like nature of molecular interactions result in unique scattering behavior, ranging from the universal Wigner laws near zero Kelvin to the occurrence of scattering resonances at higher energies. It has proven challenging to experimentally probe the individual waves underlying these phenomena. We report measurements of state-to-state integral and differential cross sections for inelastic NO-He collisions in the 0.2 -8.5 cm −1 range with 0.02 cm −1 resolution. We study the onset of the resonance regime by probing the lowest-lying resonance dominated by s and p waves only. The highly structured differential cross sections directly reflect the increasing number of contributing waves as the energy is increased. A new NO-He potential calculated at the CCSDT(Q) level was required to reproduce our measurements.
The study of collisions between atoms and molecules at the full quantum level has been an important research goal in chemistry and physics for decades (1) . To date, the internal rotational and vibrational states of molecules have received most attention, and a rich variety of experimental methods has been developed to select a single quantum state before the collision, and to probe the occupied quantum states of the products (2) . The wealth of experimental and theoretical state-to-state scattering studies has contributed immensely to our present understanding of molecular interactions (3) .
Yet, in addition to these internal states, the angular momentum associated with the relative motion of the particles is also quantized. It is described by a set of orbital angular momentum states, or partial waves, with integer quantum number ℓ which takes the values ℓ = 0, 1, 2, .... with names s, p, d, ...-wave, respectively. The contribution of each partial wave to a scattering cross section describes how the reagents transform into products at the most fundamental stateto-state level, and contains all information about the scattering event.
The influence of a single partial wave to a collision event is in principle directly encoded in the differential cross sections (DCSs), that can be probed experimentally. For atom-atom collisions, each wave will result in a unique angular distribution in which the number of nodes observed in a DCS equals the value of ℓ (4). That is, s-wave scattering leads to an isotropic DCS, p-wave scattering results in a single node, etc.. For molecular systems with anisotropic interactions, multiple partial waves contribute and interfere with each other, resulting in a more complicated DCS pattern from which the partial wave composition cannot be directly discerned.
The identification of the partial wave composition of a collision event from experimental observations has therefore remained a formidable challenge (5) , preventing state-to-state experiments at the full partial wave level.
The effects of individual partial waves may best be observed in situations where only a very limited number of interfering waves contribute. This number critically depends on the particles' de Broglie wavelengths, and hence the collision energy (6, 7) . If the energy is too high, a large number of waves contribute, such that the collisions may be regarded as semi-classical and the dynamics can often be described by semi-classical models. There is no hope to disentangle the contribution of individual waves from experimental observations in this regime. By contrast, at energies approaching zero Kelvin, only the s-wave contributes leading to universal rules for the energy dependence of collision cross sections in the form of Wigner's threshold laws (8) .
In this often referred to as the ultracold regime, the s-wave results in differential cross sections that contain no intrinsic structure, i.e., the number of contributing waves is too low to harness information on the interaction potential and collision dynamics from state-to-state experiments.
As the energy is increased from the ultracold limit, the number of contributing partial waves consecutively increases yielding unprecendented opportunities to directly observe the effect of individual waves on the scattering cross section. Here, we enter the regime where scattering resonances occur in the collision cross sections: when the collision energy becomes resonant with a quasi-bound state supported by the interaction potential, the incident particles are temporarily captured into a quasi-bound long-lived complex (9) . In a simplified picture, these resonances may be regarded as the orbiting of the atom around the molecule (a shape resonance), or as the transient excitation of the molecule to a state of higher energy (Feshbach resonance). Analogous to Bohrs model of electrons orbiting around an atoms nucleus with given angular momentum, the atom-molecule binary system is stabilized when the collision energy is resonant with a partial wave that fits on the atoms orbit an integer times. The corresponding "resonant" partial wave will dominate the scattering process, which appears as a sudden increase in the integral cross section (ICS) at the resonance energy. Most importantly, the resonant wave will dominate the differential cross section (DCS) as well, resulting in an angular distribution that fits the value for ℓ from which the resonance originates. This yields the unique opportunity to experimentally probe the partial wave fingerprint of the collision process, thereby revealing the scattering mechanism at the most fundamental state-to-state quantum mechanical level.
Scattering resonances are extremely sensitive to the details of the PES, in particular at energies just above the ultracold Wigner limit where only a few waves with ℓ > 0 start contributing.
Their observation has been a quest in molecular physics for decades (10) , however, it has proven extremely challenging to experimentally reach the low energies to access the relevant energy region and the high energy resolutions required to scan the energy over the resonances and to probe DCSs (11) (12) (13) (14) (15) . In ultracold gases, scattering resonances are routinely induced by tuning external fields to shift bound states into resonance (16, 17) , but s-wave collisions observed here invariably result in isotropic DCSs, containing little information about the collision dynamics.
To date, only a few experiments have succeeded in directly measuring the energy dependence of state-to-state cross sections near resonances, mostly using molecular beam methods (18) . Resonances in ICSs have been observed using the merged beam (19) (20) (21) (22) (23) and crossed beam approaches (24) (25) (26) (27) (28) . Measurements of resonances features in state-to-state DCSs for inelastic collisions have recently also become possible using the Stark deceleration and velocity map imaging techniques (29, 30) , although the lowest energy achieved was limited to 13 cm −1 which is typically two to three orders of magnitude too hot to probe individual partial waves. Measurements of state-to-state ICSs and DCSs at energies that approach the ultracold Wigner regime where only a few waves contribute have remained elusive, hampering a detailed view on how molecular collisions evolve from the pure quantum single-partial-wave into the semiclassical multi-partial-wave regime (31) .
Here, we report the measurement of state-to-state ICSs and DCSs for inelastic collisions between state-selected NO (X 2 Π 1/2 , v = 0, j = 1/2f , hereafter referred to as (1/2f ) (32)) radicals and He atoms in a crossed beam experiment at energies between 0. We used a crossed molecular beam apparatus that combines Stark deceleration and velocity map imaging (VMI), see Supplementary Information. A packet of NO (1/2f ) radicals with a computer-controlled velocity and a narrow velocity spread was produced using the Stark decelerator. A beam of He atoms was produced by a cryogenic valve held at temperatures between 11 and 18 K. Beam intersection angles of 5 • and 10 • were used to cover the 0.2 -3 cm −1 and 0.8 -8.5 cm −1 energy ranges, respectively. The collision energy resolution ranged from 0.02 cm −1 for the lowest collision energies to 0.7 cm −1 for the highest energies. The scattered NO radicals were state-selectively detected using a two-color laser ionization scheme and velocity mapped on a two dimensional detector. The measurements with a 5 • intersection angle were performed using a VMI detector that offered improved velocity resolution.
We studied collisions that de-excite the NO radicals from the (1/2f ) to the (1/2e) level, which have an energy splitting of 0.01 cm −1 (34) . For ICS measurements, we scanned the collision energy between 0.2 and 8.5 cm −1 , and observed three prominent resonances in the relative ICS with almost zero scattering probability at energies in between the resonances (see Fig. 1A ).
The incline of a fourth resonance was observed below 1 cm −1 . We compared the experimentally obtained relative ICS with theoretical ICSs, convoluted with the experimental resolution, based on two sets of PESs (See Fig. 1A and Supplementary Information). The first set of potentials was computed at the UCCSD(T)/CBS limit employing a complete basis-set extrapolation (CBS) scheme. The second set of PESs were computed at the UCCSDT(Q)/CBS level. We refer to the sets as CCSD(T)-and CCSDT(Q)-potentials, respectively. The CCSDT(Q)-potential is deeper than the CCSD(T) potential by about 0.6 cm −1 near the well of the potential (see Supplementary Information), and causes a linear shift of roughly 0.25 cm −1 in the position of all the calculated resonances. We found that the CCSDT(Q) corrections were essential to accurately describe the lowest-lying resonances, although the resonance observed near 6.5 cm −1 was predicted at slightly lower energies by both potentials. A few test points computed at the UCCSDTQ(P) level suggest that the electron correlation for our UCCSDT(Q) potentials is converged to better than 0.1 cm −1 . We also devised a new method to investigate the sensitivity of the resonances to changes in the PESs: using an S-matrix Kohn variational method (35, 36) , we isolate a square integrable resonance contribution to the wave function, which allows us to compute the first order response to changes in the PES as a simple integral. We tested overall scaling, scaling of the correlation energy alone, the anisotropy of the PESs or a radial shift (see Supplementary Information). We found that in all cases, all resonances shift in the same direction by nearly the same amount of energy, implying that it is hard to adjust the position of the highest reso- We analyzed the partial wave composition of the resonances from the CCSDT(Q) potentials, and expressed them in terms of the total angular momentum with conserved quantum number J , which forms from the coupling of the rotational state of NO with quantum number j = 0.5 and the partial wave quantum numbers ℓ in and ℓ out that represent the relevant partial waves in the ingoing and outgoing channel, respectively, i.e., J = ℓ in/out ± 0.5 (see Fig. 1B ). Each observed resonance feature was found to consist of a set of overlapping resonances, that we could characterize as mostly pure Feshbach resonances (see Supplementary Information) with a unique value for the resonant partial wave ℓ res corresponding to the quasi-bound NO-He state from which the resonance originates. The resonance below 1 cm −1 corresponds to the lowest possible value for J and ℓ res (J = 0.5; ℓ res = 2), corresponding to the lowest NO-He quasibound state located just above the energetic asymptote of the free NO radical and He atom.
Resonances with ℓ res = 0 or 1 do not exist, as these values correspond to real bound states supported by the potential well (see Supplementary Information) . The ℓ res = 2 resonance is further characterized by almost equal contributions of outgoing waves with ℓ out = 0 (s-wave) and ℓ out = 1 (p-wave). From the ICS calculated in an extended energy regime (see Fig. 2 ), this resonance was found to connect to the pure s-wave Wigner regime where the ICS is proportional to 1/ √ E . The series of resonance features found at higher energies follow the progression of ℓ res = 2, 3, 4, 5, ...., and probe the consecutive series of quasi-bound NO-He states supported by the interaction potential.
The underlying partial wave composition of a resonance is directly reflected in the energy dependence of the DCS. We first analyzed the inherent structure of the DCS by compiling a contour plot of the theoretically predicted DCS versus collision energy, see Fig. 1C . We found that at energies in between the resonances, the DCS is rather independent of the collision energy.
By contrast, at a resonance, the DCS was observed to change rapidly, following the rapid change of contributing partial waves. At the resonance energies, the two dominant ingoing and outgoing partial waves ℓ in and ℓ out underlying the resonance can clearly be discerned from the DCS: the number of nodes observed in the angular distribution equals the highest value of ℓ.
We experimentally probed the energy dependence of the DCS by measuring scattering images at selected energies where the DCS was predicted to change rapidly with collision energy, and compared them to a simulated scattering image based on the CCSDT(Q) potentials and kinematics of the experiment (Fig. 3) . At the lowest energies probed, the velocity images are very small, but we could still discern structure in the images. For energies up to 0.7 cm −1 , we found strong backscattering, which evolved into a forward-backward peaked structure at energies around 0.7-0. 
